With the development of industry, more large-scale non-linear loads are added to existing power systems and they cause the serious power quality (PQ) problems to the nearby sensitive installations more and more. To protect the important loads and mitigate the impact of PQ disturbances on them, various compensating devices are installed. One of the most important control skills used in the compensating equipment at the load side is how fast they can recognize or detect the discontinuous abnormal PQ events from the normal voltage signal. This paper deals with two estimation methods for the fast detection and tracking of general PQ disturbances: Teager Energy Operator (TEO), which is a non-linear operator and used for a short time energy calculation, and Kalman Filter (KF), which is one of the most universally used estimation techniques. And it is also shown how to apply the TEO and the KF to detect the PQ disturbances such as voltage sag, swell, interruption, harmonics and voltage fluctuation.
Introduction
In the highly-modernized industrial era, there are increasing concerns about an unpolluted and clean quality of power, because many oversusceptible appliances based on the microprocessor can be easily damaged by the polluted voltage or current. The customers are willing to place some measures to protect their expensive electronics. For the fast compensation of PQ disturbances, it is very essential to detect the occurrence of disturbances as quickly as possible.
For the purpose, many advanced techniques widely used in the signal processing and automatic control fields such as Fast Fourier transform (FFT), Short-time Fourier transform (STFT), Wavelet transform (WT), Hilbert transform (HT), GaborWigner transform (GWT) and Kalman filter (KF) and so on, can be applied to the detection and classification areas of power quality disturbances.
Reference [1] provides a good and general review on various methodologies used for power quality analysis and event classification. However, since most of them are implemented in the computer based processor, they experience the relatively slow response by the calculation burdens.
This work presents the PQ disturbance detections by two different methods: Teager Energy Operator (TEO), which is a non-linear operator and used for a short time energy calculation, and Kalman Filter (KF), which is one of the most universally used estimation techniques. Both of them have a common advantage of high speed detection ability.
At the next section, the algorithms of the TEO and the KF and their applications will be presented. In section III, we will explain the power quality events including voltage sag, swell, interruption, harmonics and voltage fluctuation to enhance the reader's understanding and simulate the case studies of PQ detections.
Finally, we summarize the simulation results and conclude the paper.
TEO and Kalman Filter for PQ Event Detection

Teager Energy operator (TEO) Implementation
TEO is a non-linear operator initially used for speech production modeling [2] . It can provide the fastest time response enabling to be implemented in the real-time and online measurement PQ event detection [3] . Some of previous papers have dealt with the TEO to apply to power quality detection and tracking [4] - [8] . References [4] - [6] It is the extended version of a paper awarded as a best presentation in ISIS2011.
Determination of Power-Quality Disturbances Using Teager Energy Operator and Kalman Filter Algorithms deals with a combined TEO and threshold algorithm used for PQ events detection such as impulsive and oscillatory transients, notching and voltage sag, where a simple TEO calculation is only used to detect an instance when a event occurs.
In the previous papers, the TEO was mainly applied to studies on voltage fluctuation, because its characteristics are similar to an amplitude modulated signal.
The TEO of an oscillating signal, x(t) = A cos(ω c t+θ), is defined as 2 22
which is derived as follows:
Its equivalent discrete version is given by
Equation (3) shows that the TEO can be obtained by only three consecutive measurement data.
To trace the magnitude and frequency of a signal, another calculation to separate them from the TEO is needed. This is called as discrete energy separation algorithm, shortly DESA. The DESA has different forms, according to the characteristics of the analyzed signal. One is for the signal with a constant magnitude and a constant frequency. This case is suitable for representing PQ events with variations in the amplitude of a fundamental voltage signal such as voltage sag, voltage swell and interruption. Second is for the signal with variable amplitudes and a constant frequency. The other is for the signal with variable magnitudes and frequencies, which is a complicated case of a voltage fluctuation with frequency variation [5] .
In this paper, the first two cases are considered because the events dealt in this work are sag, swell, interruption, harmonics and voltage fluctuation. The harmonics can be considered as a special case of variable amplitude and constant frequency signals.
The magnitude and frequency components of them are separated from the TEO by the following DESA equation.
where A[n] means the maximum value of an oscillating signal. In order to estimate the PQ disturbances, it needs to be converted to the RMS unit, that is, divided by 2 .
Since the frequency component of (5) is expressed as a digital frequency, it needs to be converted into the continuous frequency component by dividing with 2π/T (T : sampling interval(sec)).
Kalman Filter Implementation
Kalman filter (KF) is one of the most famous estimation skills. It is a very efficient control method used in the various application fields as well as power system [9] [10] [11] .
KF is a repetitive calculation of the optimal estimation using a recursive least square method and the time-update prediction.
The state equation and the output equation of system are shown as below:
The state equation provides time-information on the estimation of state variable (ˆk x ) and the estimation error covariance (P k ) and the output equation gives information to recursively calculate their updating values with a next-step measurement data (y k ). System variables are the state transition matrix (F x ), the measurement matrix (H k ), the state-variable noise covariance (Q k ) and the measurement noise covariance (R k ). With these data, we can compute the estimation of state variable (ˆk x ), the estimation error covariance (P k ) and a Kalman gain(K k ).
The summarized process of the Kalman filter algorithm is shown as below. 
Measurement matrix H k should be synchronized with the measurement data (y k ).
Kalman filter algorithm is written in MATALB as shown below [11] : 
Voltage Sag and Swell
According to the general understandings on power quality [12] , voltage sag is one of the representative power quality problems and is defined as a short-duration (between 0.5 cycle and 1 min) voltage reduction to between 0.1 and 0.9 p.u. in RMS magnitude. When it lasts longer than 1 minute, it is categorized into the under-voltage. Sags are caused by short circuits, overloads and starting transient of large-scale induction motors, which are frequently experienced in the normal power systems. This event can cause serious damage to several expensive and sensitive precision equipment including ASD(adjustable speed drive), manufacturing process and computer system. As a result, in order to minimize the damages, it is essential to detect the phenomenon as fast as possible, which can make some voltage compensating devices initialize the compensating actions.
Voltage swell is another issue of voltage variations and is defined as a short-duration (between 0.5 cycle and 1 min) voltage increase over 1.1 p.u. in RMS magnitude. Swell is related to the system fault conditions, but is not as common as sag. It can also severely damage many industrial loads according to the system fault conditions and develop into the over-voltage.
A signal with a 20% sag and a 20% swell, each of which lasts for 6 cycles, is simulated by the magnitude separation from TEO and the KF as shown in Fig. 2 . It shows that the detection using magnitude TEO is faster than when using Kalman filter by about 5 msec, which corresponds to 0.3 cycle.
Interruption
Interruption means complete loss of supplied voltage below 0.1 p.u. in RMS magnitude. According to the typical duration, interruptions are divided into 3 categories: instantaneous, momentary and sustained. The sustained interruption (longer than 1 minute) is mainly due to the outages of system components such as system faults, operations of protection relay and scheduled or emergency load shedding.
A signal with a 50% sag and a 5% interruption, each of which lasts for 6 cycles, is simulated by the magnitude separation from TEO and the KF as shown in Fig. 3 . It also shows the faster detection performance of TEO than Kalman filter. 
Harmonics
Harmonics are very common events in the power supply systems. Because usual voltage and current signals are similar to the sinusoidal waveforms, they contain harmonic components whose frequencies are integer multiples of the fundamental one. Generally, the signals of voltage and current are easily polluted by the harmonic sources located throughout the power distribution systems, such as fluorescent lights, ASD for HVAC (Heat, Ventilation and Air-Conditioning) installations, 3-phase converters and arcing devices. Total harmonic distortion (THD) value is commonly used to evaluate the harmonic distortion levels.
Harmonic distortion has wide-spread influences in many power installations including motors, transformers, capacitors and telecommunications.
A signal containing a 5 th harmonic of 10% and a 7 th harmonic of 10% is simulated by the magnitude separation from TEO and the KF as shown in Fig. 4 .
Voltage Fluctuation
Voltage fluctuation, also known as flicker, is a series of periodical variations of the voltage envelope. The term of flicker is used to expresses the effect of a magnitude modulated-voltage signal into the brightness of light loads, which is recognized by the visual sensation of end users. Consequently, the voltage fluctuation is a main cause of flicker and the flicker is a result of voltage fluctuation [13] .
Main sources of voltage fluctuation are arc furnace, welding machine and successive switching operations. And it is closely related to inter-harmonics distortion.
A signal containing a 10Hz and 20% sinusoidal fluctuation is simulated by the magnitude separation from TEO and the KF as shown in Fig. 5 . 
Conclusion
In this work, the detection performances of various PQ disturbances by the Teager energy operator (TEO) and the Kalman filter (KF) are compared. A detection using the TEO is faster than the KF in many cases. The delay of Kalman filter is caused by the selection of covariance matrices of state variable noise and measurement noise.
As shown in the Fig. 2, 3 and 5, the notable advantage of TEO is that it can clearly indicate the starting and ending instances, which makes the recognition of event occurrences much faster. And the TEO gives a good performance of event detection for the voltage RMS variations such as sag, swell, interruption and voltage fluctuation.
However, the TEO has a disadvantage that it sensitively responses to the change of input values, as shown in Fig. 4 .
A simple and fast calculation method by using the TEO and the DESA is very useful to detect some abnormalities in the power signal analysis. And the Kalman filter is also helpful, when it combined with the TEO and the DESA.
